I. INTRODUCTION
Hydrogen storage is an important issue for hydrogen applications.
1, 2 For commercial applications, it is necessary to develop materials that can reversibly store molecular hydrogen under ambient conditions with a gravimetric efficiency of 6 wt.%, that also possess acceptable desorption kinetics. To achieve this challenging amount of storage, many solid adsorbents have been developed, such as pure and metal-doped carbonaceous materials, 3, 4 metal alloys and metal oxides, 5, 6 metal and complex hydrides, 7, 8 metalorganic frameworks, 9 covalent organic frameworks, 10 zeolitic imidazolate frameworks, 11 and boron based materials. 12 Among the adsorbents studied, BN-based materials have been considered to be promising for hydrogen storage owing to the heteropolar binding nature of the B and N atoms. 13 BNnanotubes have good thermal and chemical stability and can store hydrogen up to 2.6 wt.%.
14 BN-cages can adsorb hydrogen up to 4 wt.%, but the structure can break, even at room temperature. 15 In addition, much attention has been paid to a plane structural carbon sheet (graphene), owing to its spectacular electronic properties. 16 However, pristine graphene is unsuitable for hydrogen storage. 17 By considering two disparate materials with similar lattice parameters and crystal structures, Ci et al. 18 synthesized new materials made of hybrid boron nitride and graphene domains complementary to those of hexagonal BN (h-BN) and graphene. Hexagonal hybrid boron nitride and graphene (h-BNC) is a promising system for fundamental physical investigations, such as charge localization and possible metal-insulator transitions. Recently, Wu et al. 19 studied carbon doped boron nitride cages, which are favorable for hydrogenation/dehydrogeneration. h-BNC can have different properties, including different electronic struca) Electronic addresses: shaoxh@mail.buct.edu.cn and limin.liu@csrc.ac.cn tures and hydrogen storage ability for different BN and C concentrations.
Designing and synthesizing new materials is a promising solution for enhancing the hydrogen storage capacity. Another potential solution is to decorate existing promising materials. Li is considered as a suitable decorating candidate because Li atoms are lightweight and can polarize the hydrogen molecules. 20 In Li-decorated systems, the hydrogen storage capacity is influenced by the orbital hybridization intensity of both the H-s and Li-p (or/and s) orbitals and the polarization mechanism. 21 The hydrogen molecules interact with the Li decorated substrates through Dewar 22 and Kubas 23 interactions. With a combination of these interactions, the hybridization of the p orbitals of the substrates with the partial occupancy of the Li-p (or/and s) orbitals enhances the binding energies of the hydrogen molecules. When the Li atoms react with the substrates, the adsorbed Li atoms donate s electrons in the substrates. This leads to partially filled p orbitals in the substrates, which can re-donate electrons to the low-lying Lip orbitals, resulting in strong s-p or p-p hybridizations between the Li atoms and the substrate. The introduced hydrogen molecules and the polarization effect cause the charges on both sides of the hydrogen molecules deplete and accumulate, because of the hybridization of the p orbitals in the substrate with the σ orbitals in the hydrogen molecules. A previous study 24 showed that Li-decorated B-doped graphene sheets had strong p-p hybridization, which resulted in a high hydrogen storage capacity. h-BNC has more types of orbitals (such as, B-p, N-p, and C-p), than pure BN and pure graphene. This makes it easier to form s-p or p-p hybridizations between the Li-p (or/and s) orbitals and the substrates. The hybrid boron nitride and graphene domains have different electronic structures, corresponding to different hybridizations and different abilities to host hydrogen molecules. Therefore, for hydrogen storage it is important to discuss the Li-decorated hybridizations of h-BNC complexes. During this procedure, the adsorption sites can greatly affect the adsorption, including the binding and adsorption energies, and can even affect the capacity of hydrogen molecules that it can host. For pure h-BN and graphene, the hollow sites are considered as the most stable sites for Li atoms on the substrate. 20, 25 Previous studies have shown that the top-Li site is the most stable site for Li-decorated systems with one hydrogen molecule introduced. 20 However, Liu et al. 26 discussed the hydrogen storage of Li-doped graphene and the results showed that the bridge vertical site is the most stable adsorption site for hydrogen molecules. The most stable adsorption sites are mainly affected by the charge localization. The charge localizations are different for h-BNC with different concentrations of BN and C, therefore, the adsorption sites may be different. Consequently, it is still a challenge to investigate the adsorption sites, which are closely related to the binding and adsorption energies.
Motivated by these questions, a systematic study of hydrogen adsorption into the Li-decorated complexes, (BN) x C 1−x where x = 1, 0.25, 0.5, 0.75, 0, and B 0.125 C 0.875 are investigated in this work. The properties of the electronic structure of the pure substrate planes and the Li-decorated complexes are discussed first. The results showed that the boron and nitrogen atoms in the substrate planes resulted in strong s-p and p-p hybridizations between the Li atoms and the (BN) x C 1−x complexes. Second, the initial adsorption sites for H 2 on the Li-decorated complexes are discussed, showing that it is favorable for the first introduced hydrogen molecule to be located above the C-C bonds, beside a Li atom and parallel to a Li atom. Then, the bonding characteristics and energetics for the absorption of hydrogen onto the Li-decorated complexes are compared and analyzed. The results show that Li-decorated (BN) x C 1−x achieved a high hydrogen storage of 8.7%, indicating that h-BNC is a promising adsorbent for hydrogen storage.
II. COMPUTATIONAL METHOD
Density functional theory (DFT) and moleculardynamics (MD) calculations were performed using the Vienna ab initio simulation package. 27 Previous studies have shown that the local density approximation (LDA) is a better choice for alkali doped carbon and boron nitride materials. 28, 29 Therefore, LDA 30 was used to calculate the exchange correlation potential, along with the projector augmented wave method. 31 The plane-wave energy cutoff was set to 400 eV. The adsorption of Li atoms and hydrogen molecules was calculated in a super cell with the lattice parameters, a = b = 4.94 Å with a 2 × 2 cell for the (BN) x C 1−x plane, where x = 1, 0.25, 0.5, 0.75, 0, and B 0.125 C 0.875 . According to the Monkhorst-Pack scheme, 32 the Brillouin zone was sampled by 19 × 19 × 1 special mesh points in K-space for a 2 × 2 cell of (BN) x C 1−x . A 20 Å vacuum region was employed for all of the systems to avoid interactions between the periodic images. The force convergence criterion was set to 0.01 eV/Å for optimization.
III. RESULTS AND DISCUSSION

A. Electronic structure of the pure h-BNC complexes
The (BN) x C 1−x structures are based on the BN monolayer, and the (BN) x C 1−x plane (x = 0.25, 0.5, 0.75) are constructed through replacing the original B-N of the BN monolayer with C-C gradually. After the construction, the lattice constant the atomic structure were fully optimized. Here x means the ration between the B-N and C-C. The electronic structures of the (BN) x C 1−x plane (x = 1, 0.25, 0.5, 0.75, 0) were calculated first. Fig. 1 shows the molecular orbitals and band structures for the five BN complexes. Figs. 1(a)-1(e) and 1(a )-1(e ) show the highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs), respectively. Figs. 1(a) and 1(a ) show the HOMO and LUMO for the pure BN complex. The HOMO was mainly localized on the B sites, while the LUMO was localized on the N sites, as a result from the electro-negativity of the nitrogen atoms and the electro-positivity of the boron atoms. This demonstrates that the hybridization is sp 2 . 33 When the graphene domains increased, the wavefunctions showing the localization of the HOMOs and LUMOs changed, corresponding to the change in the hybridization of the different complexes. For (BN) x C 1−x , the hybridization changed to sp 3 , which is different to the other complexes. When the complex was turned into pure graphene, the HOMO was parallel and the LUMO was vertical, which is a typical graphitic sp 2 characteristic. 34 The conclusion drawn above could also be investigated from the band structures. In the pure BN sheet, the wavefunctions of the π and π * bands were predominantly composed of atomic p z orbitals (orientated perpendicular to the plane). Because of the high electro-negativity of nitrogen, the π band wavefunction was located on the nitrogen atoms, while the π * band was located on the boron atoms. 35 The strong difference in the electro-negativity between B and N led to a large band gap of 5.01 eV at the K-point. 18 As the graphene domains increased, the band gap gradually became smaller. In addition, the anti-bonding π * bands quickly moved with as the graphene domains increased, while the π bands changed slightly. This corresponded to larger wavefunction changes in the localization of the LUMOs than that of the HOMOs. When the complex was pure graphene, the π and π * bands degenerated at the K-point, leading to linear crossing of the two bands. We plot all the HOMOs and LUMOs for the different compositions of (BN) x C 1−x . When the x is zero, the HOMOs and LUMOs represent the pure BN; When x becomes 1, the HOMOs and LUMOs represent the pure graphene. The HOMOs of the graphene became two ribbons parallel localized on the C-C bonds, while the LUMOs separated vertical localized on the C-C bonds.
B. Thermal stability
Previous studies have shown that BNC materials have good thermal stability. It is of interest to know whether the stability is maintained when the alkali metal atoms Li are introduced into the system and whether they are absorbed by the hydrogen molecules. To answer these questions, finitetemperature ab initio MD simulations were carried out with Li atoms and hydrogen molecules in a 2 × 2 (BN) x C 1−x (where x = 1, 0.25, 0.5, 0.75 0) and B 0.125 C 0.875 cells. The time step was 1 fs and the simulation had 3000 time steps. The atomic temperature was controlled by a Nosé-Hoover thermostat with converging temperatures of T = 300, 400, 500, and 600 K. A minimum vacuum distance of 20 Å in the z-direction was employed in the "super box cell" to minimize spurious interactions between the periodic images. For a single Li atom on the BNC complexes (except for the pure BN complex), the bonds between the adsorbed Li atoms and the complexes were sustained. Even at temperatures up to 600 K within 3000 time steps, no structural deformation was observed. This meant that the structures were stable when the alkali metal atoms Li were introduced into the complexes.
C. Interactions between the Li atoms and h-BNC complexes
Li atoms are considered as a good candidate for hydrogen storage. To enhance the hydrogen uptake, Li atoms were adsorbed into the complexes. The binding energies of the five complexes were obtained using the equation:
, where E b is the binding energy of a Li atom, E BMC+metal , E BNC , and E metal are the total energies of the adsorbed BNC, pure BNC and metallic atoms in the same cell, respectively. Table I shows the calculated binding energies between the Li atoms and either pure BN or graphene, which are 0.13 and 0.86 eV, respectively, which are in agreement with previous results. 20, 36, 37 For the two phases, the binding energies between the Li atoms and the complexes increased with an increasing concentration of carbon atoms in the h-BNC sheets. The configurations of the five Li-decorated BN, (BN) x C 1−x , (BN) 0.5 C 0.5 , (BN) 0.25 C 0.75 and graphene complexes are presented in Fig. 2 . For the pure BN sheet and graphene, the most stable adsorption sites were the hollow sites because of their high symmetry. For (BN) 0.75 C 0.25 , the nitrogen atom (on the left) was surrounded by three boron atoms, forming a local electron-deficient system. Therefore, it was favorable for the Li atom to reside on the N-top site. For the same reason, the adsorbed Li atom slightly deviated above the (BN) 0.5 C 0.5 and (BN) 0.25 C 0.75 sheets, compared with the BN and graphene sheets. The right panel in Fig. 2 shows that the adsorption height decreased as the concentration of the carbon atoms increased. This phenomenon is consistent with the binding energies in Table I . The large binding energy meant that there were strong adsorption interactions between the Li atoms and the substrate, which corresponded to the low adsorption height.
The interactions between the Li atoms and the h-BNC complexes, as well as the electronic structures of the Lidecorated h-BNC complexes are shown in Fig. 3 . The partial density of states (PDOS) for each element in the five different h-BNC complexes are plotted on the left in Figs. 3(a)-3(e) , while the corresponding HOMOs and LUMOs are shown on the right. For the elements B, N, and C, the hybridizations near the Fermi level were mainly dominated by p-orbitals. Only the p-orbitals of B, N, and C are shown. Fig. 3(a) shows the PDOS of the Li-decorated pure BN complex. The s-orbitals of the adsorbed Li atoms mainly stepped into the Fermi level, indicating that the Li-decorated BN sheet remained metallic, the interactions between the Li atoms and the substrate were weak and the charge transfer was small. Compared with the electronic localization of the HOMO, it is apparent that the hybridization changed from sp 2 to sp 3 after Li atoms were absorb into the substrate. The electronic localization of the LUMO was around the Li atom, which is consistent with the results where the charge transfer was not strong between the Li atoms and the substrate complex.
With an increase in the graphene domains, the PDOS of each element (Fig. 3(b) ) crossed the Fermi-level, but for the pure BN complex does not show such feature. The decrease in the peak for Li-s near the Fermi-level indicated that the metallic state slightly decreased. The p-orbitals for each element crossed into the Fermi-level, causing a strong hybridization between the Li-s and Li-p orbitals and the substrates. Meanwhile, from the LUMO (on the right), it is suggested that the charge of the Li-s orbitals can transfer into the substrate, leading to the wavefunctions becoming localized above the atoms in the substrate. In contrast, the back-donated electrons in the Li-p orbitals caused the spectra for the p-orbitals in the substrate to shift to the Fermi-level. The hybridized peaks at the Fermi-level are not obvious, indicating that the charge transfer between them was not strong. The same phenomenon was observed in the Li-decorated (BN) 0.5 C 0.5 complex. The hybridization between the p-orbitals in the substrate and the Li-s, and p-orbitals increased, owing to an increase in the charge transfer rate between the adsorbed Li atoms and the (BN) 0.5 C 0.5 complex.
The PDOS of the Li-decorated (BN) 0.25 C 0.75 complex is shown in Fig. 3(d) , where the adsorbed Li atom donated s electrons to the substrate, leading to partially filled B-p, Np, and C-p orbitals. Meanwhile, the empty Li-p orbitals split under the strong ligand field generated by the (BN) 0.25 C 0.75 complex. The substrate back-donated electrons to the lowlying Li-p orbitals, resulting in strong p-p and s-p hybridizations between the Li atoms and (BN) 0.25 C 0.75 complex, which became equal. The PDOS (shown in Fig. 3(d) ) shows an increase in the intensity of the N-p orbitals. Only the N-p orbitals gradually increased with a decrease in the BN concentration, which is different to the cases in Figs. 3(a)-3(c) . It can be concluded that N plays an important role as the states of the Li-p orbitals decrease. To further verify this, the PDOS of the Li-decorated N-doped graphene sheet were analyzed and the same result was obtained. A previous study 24 showed that the interactions between the Li atoms and low concentration B-doped graphene are responsible for the p-p hybridization. The number of H 2 molecules adsorbed was influenced by the hybridization intensity of the H-s and Li-p (s) orbitals. Therefore, it is possible that smaller BN domains led to an increase in the hybridization of the Li-p (s) orbitals, making the Li-decorated (BN) 0.25 C 0.75 complex feasible for . 38 Similar to the Li-decorated pure BN sheet and (BN) 0.75 C 0. 25 , there has a large positive charge area above the Li atom in the LUMOs shown in Fig. 3(e) . But the hybridized peaks at the Fermi-level are obvious, especially, the strong hybridization between C-p orbitals and Li-p orbitals makes the graphene having larger binding energy with the Li atom.
In addition, the possibility of Li clustering is also considered in our work. As shown in the supplementary material, 
D. The most stable adsorption sites for hydrogen in the Li-decorated h-BNC complexes
To further understand the adsorption behavior of the hydrogen molecules in these complexes, the adsorption behavior of each H 2 molecule is discussed and compared. The different high-symmetry (HS) adsorption sites could affect both the stability and the adsorption energy of the hydrogen molecules. Most studies have suggested that the top-site is the most stable site for the introduced hydrogen molecules in the Li-decorated systems. This work focusses on the HS adsorption sites for the hydrogen molecules in the Li-decorated h-BNC complexes. To find the most stable adsorption configuration, all of the HS adsorption sites on the pure sheets (BN and C) and the doping sheets ((BN) 0.75 C 0.25 , (BN) 
studies showed that boron can enhance the hydrogen storage ability. 24, 37 The B 0.125 C 0.875 plane complex structures is based on the graphene monolayer, and the B 0.125 C 0.875 structure is constructed through replacing the original C atom of the graphene monolayer with B gradually. After the construction, the lattice constant of the atomic structure were fully optimized. B 0.125 C 0.875 is considered in the following study. First, the adsorption of H 2 onto graphene is discussed. Five initial hydrogen adsorption sites around the Li atom are considered: (1) the top-Li sites (T-Li: hydrogen is above a Li atom); (2) the top carbon sites (TC1: hydrogen is located above the carbon atom and the molecular direction is vertical to the Li atom; TC2: hydrogen is located above the carbon atom and the molecular direction is parallel to the Li atom); and (3) the bridge carbon sites (BC1: hydrogen is located above the C-C bonds, beside the Li atom and the molecular orientation is vertical to a plane crossing the Li atom and parallels to the substrate; BC2: hydrogen is located above the C-C bonds, beside the Li atom and the molecular orientation is parallel to the Li atom). The adsorption energies of the T-Li, TC1, TC2, BC1, and BC2 were 0.09, 0.02, 0.17, 0.12, and 0.18 eV, respectively. Therefore, the BC2 site was the most stable site, which is consistent with the literature. These results show that the adsorption sites greatly affect the adsorption energy and behavior. Similar configurations could be achieved by introducing two or three hydrogen molecules. Four possible initial sites for 2H 2 are listed in Table II . The two hydrogen molecules located at the BC1 sites were the most stable sites. Compared with 1H 2 adsorption sites, there is no Top-site for 2H 2 adsorbed configuration, and the hexatomic adsorbed 2H 2 configurations at the substrate have the symmetrical, so some of the others of H 2 configurations are equal to the cases of possible configurations listed in Table II . The same case happened in the 3H 2 adsorption. For 3H 2 , the three hydrogen molecules were all placed at the BC2 sites, which corresponded to the most stable sites. The simulation results indicated that the effect of the different adsorption sites became weak when the number of adsorbed H 2 molecules was increased to four or five.
The most stable adsorption sites for the other Li- Table III . There are many possible sites where the hydrogen molecules can adsorb onto for these complexes, such as: the T-Li, TC1, TC2, BC1, BC2 or the TB1, TB2, BB1, BB2 or the TN1, TN2, BN1, BN2 sites (the definition for the TB1, TB2, BB1, BB2 and TN1, TN2, BN1, BN2 sites are similar to that for TC1, TC2, BC1, BC2). After a large number of calculations on all of the possible initial adsorbed sites mentioned above, the most stable adsorption configurations for different numbers of adsorbed hydrogen molecules were obtained (listed in Table III ). The initial adsorbed structures (the geometric configuration before geometric relaxations) for the most stable configurations presented certain regular rules that the initial adsorbed structures of the stable configurations in each row are the same. For 1H 2 , the initial adsorption sites were all located at the BC2 sites for all of the complexes, except for the (BN) 0.75 C 0.25 sheet. For 2H 2 and 3H 2 , similar configurations could be achieved, which is different to (BN) 0 C 1 and pure graphene. For the (BN) 0.75 C 0.25 sheet, the most stable site for the Li atoms was located above the nitrogen atoms. Therefore, the initial configuration was different from other sheets, corresponding to Fig. 2 . The sites for 4H 2 and 5H 2 were also considered in this work. The adsorption energies for the different sites nearly had the same value for all five different sheets.
E. Hydrogen storage
The most stable final adsorption configuration for different numbers of H 2 molecules onto the Li-decorated complexes, and the energies and geometries that are related to the adsorption of molecular H 2 are summarized in Fig. 4 . The binding energies for these fragments To further understand the hybridization and polarization mechanisms, the calculated PDOS for the H-s and Li-2p orbitals and the differences in the two dimensional charge densities for the adsorbed H 2 molecules onto the Li-decorated (BN) 0.25 C 0.75 complex were plotted in Fig. 5 . The PDOS of the H-s and Li-2p orbitals indicated that the H-s orbitals below the Fermi level with ∼−8 eV, broadened with an increasing number of H 2 molecules, indicating that there were interactions between the H 2 molecules. In addition, the orbital hybridizations between the H-s and Li-p (s) orbitals become weaker as the number of adsorbed H 2 molecules increased. Conversely, the amount of electron transferred from the Li atoms to H 2 molecules still increased through the orbital hybridizations, which reduced the net charge of the Li atoms, and thus, it decreased the capacity that the Li atoms could polarize the H 2 molecules. This explains the drop in the binding energies for the addition of the third, fourth, and fifth H 2 molecules. The number of peaks corresponded with the adsorbed number of H 2 molecules, which is different to the Ca-H 2 system. 37, 43 The absence of d-orbitals on the Li atoms did not cause unphysical over binding, compared with the Ca-H 2 system that involved hybridization of the d-orbitals.
The charge accumulation and depletion at both sides of the adsorbed hydrogen molecules are plotted in Fig. 5 and clearly show that the H 2 molecules were strongly polarized by the Li + ions. The depletion of the Li ions made it nearly become a positively charged ion, resulting in polarization. The effect of polarization was responsible for the adsorption of H 2 . The fifth H 2 molecule was adsorbed above the Li atom because of the polarization effect. The charge density above the Li atom was positive, i.e., the charge transfer between the Li ions and the substrate could increase the binding energy of the Li-decorated complexes. The charged states between the Li ions and the substrate were much lower than those between Li and H 2 . The charges were transferred from the Li atoms to the adsorbed H 2 molecules and filled in the H 2 σ *, leading to the bonds in the hydrogen molecules stretching. This indicated that the adsorption of hydrogen molecules was a typical "Kubas" type.
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IV. CONCLUSIONS
In summary, the characteristics of hydrogen adsorption on a Li-decorated carbon doped boron nitride (BN) x C 1−x (x = 1, 0.25, 0.5, 0.75, 0) and B 0.125 C 0.875 planes were investigated. The calculated results showed that the Li-decorated (BN) 0.25 C 0.75 compound can spontaneously store hydrogen with a storage capacity up to 8.7%. The adsorption mechanisms were discussed and the results showed that the nitrogen atoms that were introduced into the substrate planes could increase the hybridization of the 2p-orbitals for Li, along with the orbitals for H 2 . The existence of boron atoms in the substrate planes can avoid clustering of the Li atoms. The successive energies of the adsorbed hydrogen molecules were in the
